INTRODUCTION
Following the first test of a nuclear explosive device on 16 July 1945 at Alamogordo, New Mexico, the next five tests were carried out in the Pacific on the Bikini (1946) and Enewetak (1948) Atolls. By then it was clear that the use of such remote test sites was expensive and inconvenient. The outbreak of the Korean War raised serious concerns about the ability to maintain security at these remote locations, and the successful, unanticipated test of a nuclear device by the former Soviet Union in August 1949 accelerated U.S. plans for the development of advanced nuclear weapons. Thus, the Atomic Energy Commission (predecessor agency of the Department of Energy and the Nuclear Regulatory Commission) reversed a prior decision and recommended that a continental test site be established (Friesen 1985) that would be used primarily for the testing of smaller devices. The selection of an area carved from the Las Vegas Bombing and Gunnery Range was approved by President Truman on 18 December 1950, and this site became known as the Nevada Test Site (NTS).
The first test at the NTS was conducted on 27 January 1951; the last test at NTS occurred on 23 September 1992 (DOE 1994 . In all, 928 tests were conducted at the NTS with 828 of these underground and 100 in the atmosphere (DOE 1994) . Several of the underground tests vented radioactive materials to a varying degree (Hicks 1981; DOE 1994; Schoengold et al. 1996) . Listed in Table 1 are all of the tests at the NTS that are indicated in Hicks (1981) and DOE (1994) to have released radioactive materials to the off-site environment.
Testing in the atmosphere was common at the NTS until the end of October 1958, when a voluntary moratorium was entered into by the then nuclear powers. This moratorium was broken by the former Soviet Union in September 1961. The U.S. also resumed testing, but tests at the NTS with few exceptions were designed to be contained. On 5 August 1963 the U.S. and the Soviet Union signed the Limited Test Ban Treaty (LTBT) that banned testing in the atmosphere. Exception for a few experiments on the use of nuclear devices for peaceful purposes (the Plowshare Program), which was allowed under specific conditions of the LTBT, all tests conducted at the NTS since the LTBT have been designed to be contained.
The purpose of the present paper is to examine the amounts of 137 Cs that have been released by these tests and to compare the released amounts with the amounts that were deposited within the region nearby the NTS. Fig. 1 indicates the domain of the study; it includes the NTS itself and the Phase I and Phase II areas of the Off-Site Radiation Exposure Review Project (ORERP) ). This area includes all of the States of Nevada, Utah, Arizona, and New Mexico and parts of the States of Colorado, Wyoming, Idaho, Oregon, and California. A secondary objective is to provide a map of the distribution of 137 Cs deposition around the NTS. Such information should be useful for continuing investigations of the possible impacts of the releases from the NTS (see, e.g., NRC 1999).
METHODS

Calculation of the release of 137 Cs
Estimates of the amount of 137 Cs released by atmospheric explosions were performed primarily on the basis of data contained in Hicks (1981) , whose methodology is detailed in Hicks (1982 Hicks ( , 1990 Hicks (1981) and are based on detailed calculations that considered the unique characteristics of each nuclear device.
For vents of explosions (designated in Table 1 with the word vent) designed to be contained a different set of results from Hicks (1981) 
where the factor of 2 -1 represents the approximate amount of material released by the cratering event (as opposed to retained in the crater), α is the fractional yield of the explosion due to fission (as opposed to fusion), Y is the yield of the explosion (kt), A is the number of fissions per ICRP 1983) .
In some cases the estimated release of 137 Cs is given in Table 1 as simply Ò0.Ó In these cases the releases were either too small to have been considered by Hicks (1981) , or data in Schoengold et al. (1996) indicate that no
137
Cs had been released.
Determination of the activity per unit area of 137 Cs in the Phase I and II areas
Between 1980 and 1985, all of the available data on fallout from the NTS were reanalyzed as part of the ORERP (Beck 1984; Anspaugh et al. 1990; Beck et al. 1990; Cederwall et al. 1990; Church et al. 1990; Quinn 1990; Ward and Whicker 1990; Whicker et al. 1990; Beck and Anspaugh 1991; Grossman and Thompson 1993; Thompson et al. 1994 The strategy adopted for the RIDP combined three methods: Aerial surveys, soil-sample collection and analysis, and field-gamma-ray spectrometry. The aerial surveys, carried out with an array of scintillation detectors mounted on a helicopter, showed overall distribution patterns but were not useful for quantifying individual radionuclides. They were used primarily to delineate contaminated areas and to help in designing ground-based surveys of those areas. Soil samples at various depths were collected from each contaminated area and analyzed to determine the distribution of various radionuclides with depth. Many samples were further analyzed to measure the concentrations of radionuclides that are not easily quantified by the primary measurement technique, gamma-ray spectrometry.
Spectrometric methods for measuring gamma-emitting radionuclides in situ were developed in the 1970s (Beck et al. 1972; Anspaugh 1976 The survey of the NTS included all the ground zeros of above-ground nuclear tests and all other accessible regions of the NTS where significant contamination occurred. Soil samples were collected at about 400 locations and gamma-ray spectra were recorded at about 3,700 locations.
The data were analyzed to estimate the total amount (inventory) and distribution of 16 man-made radionuclides on the NTS. The project results were published in a series of five reports, all of which are cited in a final summary report (McArthur 1991 ) that gives total inventory estimates and distribution maps covering the entire NTS.
Off-site measurements, Phase I. In 1979 the Department of Energy initiated the ORERP to re-evaluate the radiation doses that populations downwind from the NTS received from weapons testing at the NTS. The dose estimates for this project came from models that used the deposition density of various radionuclides as input parameters. Thus a major focus of the ORERP was to obtain the best possible estimates of deposition densities in the downwind region.
The original charter of the ORERP called for estimating doses in the region most heavily affected by NTS fallout. That region, later termed the Phase I region and so indicated in Approximately 119,000 such measurements were recorded from more than 225 nuclear tests carried out between 1951 and 1972 (Grossman and Thompson 1993) .
Another source of data for Phase I was the fallout patterns produced by the Weather Bureau (Nagler and Telegados 1956 ) and other agencies shortly after each test. These fallout patterns were based on both the data from the survey meters and the prevailing weather conditions. The fallout patterns for 11 of the more important tests were reanalyzed by the Weather Service Nuclear Support Office as part of the ORERP (Quinn 1990 ).
Both sets of data were extensively analyzed to estimate the time of fallout arrival and the geometric mean-exposure rate 12 h after detonation (H+12) at every community of interest in the Phase I area. The uncertainty in the estimates was also estimated. Details of the calculations are given in Thompson (1990) and Thompson et al. (1994) . Sets of estimates for a matrix of 352 communities by 74 nuclear tests are contained in the Town Data Base (Thompson et al. 1994) , which serves as a major data source for the work reported here.
Once 12 X & , the exposure rate at H+12 is established for a particular event at a particular location the activity per unit area of 137 Cs (or of 176 other radionuclides) can be immediately calculated on the basis of data tabulated in Hicks (1981) . Then, the activity per unit area of 137 Cs, De Cs , is given by
Off-site measurements, Phase II. As dose estimation for the Phase I region was proceeding, Beck and Krey (1983) reported that residents of the Salt Lake City area of Utah had received a greater population dose of radiation than had residents of most counties closer to the NTS. Consequently, the ORERP's advisors recommended that an attempt be made to estimate doses outside the limited region covered by fallout monitors. This effort was termed Phase II, and the additional area included all of Arizona and New Mexico, all of Nevada and Utah that was not in the Phase I region, and parts of Colorado, Wyoming, Idaho, Oregon, and California (Fig.Ê1) .
No large data set comparable to the Phase I survey-meter readings was available for the Phase II area. Dose estimates were therefore based on a number of historical and contemporary data sets of various sizes and quality.
The most important data set for the Phase II estimates consisted of measurements of fallout collected on gummed film after each test. The gummed film collectors were part of a worldwide network operated by the Atomic Energy Commission between 1951 and 1960. Data from the collectors were originally not considered useful for quantifying fallout, but a reevaluation that included a better estimate of the collection efficiency of the film showed that reasonably precise estimates of deposition densities were possible (Beck 1984; Beck et al. 1990 ).
About 25 sites in the network provided data for the Phase II region.
Additional data on 137 Cs deposition were provided by soil samples collected in Utah and western Colorado in 1979 (Beck and Krey 1983) and throughout the rest of the Phase II region in 1982 and 1983 (McArthur and Miller 1989 Pu is critical in distinguishing the two sources of fallout). The relationships that make this calculation possible are given in Beck and Krey (1983) .
Estimates of 137 Cs depostion density from soil samples were obtained at about 200 sites.
However, these estimates are of the total 137 Cs deposition from NTS tests; the method could not determine how much 137 Cs was deposited by a particular test. The gummed film collectors did
give estimates for individual tests, but for fewer sites (typically 10 to 20 sites per test). Because of the relative lack of data, it was decided not to estimate 137 Cs deposition densities for separate communities as had been done for the Phase I region, but for counties or parts of counties. The estimates were based primarily on gummed film and soil data, though data from the Town Data Base, fallout patterns, air and precipitation samples, and several other sources were also considered when available. To make the results comparable with the results from Phase I, the estimates of deposition density were converted to estimates of mean-exposure rate, and times of fallout arrival were also estimated. The entire process is described in Beck and Anspaugh (1991) . were averaged to give a single value of the cumulative deposition density for that county.
The total inventory of 137 Cs deposited in each county was then calculated by multiplying the estimated cumulative deposition density by the area of the county. Summing the inventories over all counties gives a total estimated inventory for the off-site area.
The total inventory of 137 Cs deposited by NTS tests is the sum of the estimated on-site and off-site inventories.
RESULTS
Release of 137 Cs
The results for the calculated releases of
137
Cs from the NTS are given in Table 1 for each event. These results are estimated to be accurate to within ±20%. The total release is estimated to be 6.4 PBq almost all of which was released before the voluntary moratorium on testing at the end of October 1958.
Estimates of residual 137 Cs in surface soil
On-site. McArthur (1991) reported that 137 Cs was widely distributed across the northern part of the NTS with the isopleths as shown in Fig. 2 . The total estimated inventory was found to be 11 TBq decay corrected to 1 January 1990. This would correspond to an inventory in 1955 (the approximate midpoint of the major test series) of about 25 TBq. This reflects the amount of 137 Cs that was still in surface soil at the time of the measurements. An additional amount was removed during a variety of clean-up operations.
Off-site.
The results by counties of the estimated inventories in the off-site areas of the Phase I and II domain are presented in Table 2 . The estimated total is 560±35 TBq.
Combined on-and off-site total. The total estimated 137 Cs in surface soil (as of the time of the tests) is the sum of the on-and off-site values, which is 585±35 TBq.
Distribution of 137 Cs
The distribution pattern of 137 Cs in the off-site region is shown fairly well by a plot of the cumulative estimates of deposition density for each county on a map of the western U.S.
Two problems were encountered in constructing such a plot. First, the counties in Wyoming and
Colorado that are represented in the County Data Base all have relatively high deposition (370ÊBqÊm Ð2 or more); how much farther to the northeast deposition at this level may have occurred is not clear. Second, the data are too sparse to adequately show the distribution pattern in the immediate vicinity of the NTS. Additional data were therefore sought that would help resolve these problems. isopleth to be drawn through Wyoming and Colorado with greater confidence.
To better determine the distribution pattern near the NTS, cumulative estimates of deposition density were calculated from the data in the Town Data Base. The calculations were the same as those described above for the County Data Base: Conversion of geometric mean to arithmetic mean, conversion of exposure rate to deposition density using ratios from Hicks (1981) , and summation over all nuclear tests. The resulting values for individual towns and ranches near the NTS were then noted on a map of southern Nevada. Once all the data had been noted on a map, isopleths were drawn on the maps by hand. The resulting distribution map is shown in Fig. 3 .
DISCUSSION
A unique feature of this report is the combination of three disparate sets of data into a combined data set that allows the data to be analyzed as an ensemble. This combination of data is only possible due to the tabulations of Hicks (1981) , which in turn are based on very detailed information on the nuclide yield (including activation products) for each test and on the conversion from deposition density to external gamma-exposure rate for many radionuclides of interest as calculated by Beck (1980) .
The combination of these data sets allows for the calculation of the total amount of 137 Cs deposited in the Phase I and II areas (Fig. 1) . The total amount 585±35 TBq can be compared with the total amount released, which is 6390 TBq. Thus, only about 10% of the total release is accounted for on surface soil within the NTS itself and near downwind region. Some additional amount would have been cleaned up and disposed of within the NTS, but this additional fraction would have been small compared to the total amount. The estimated 10% of the total fraction is consistent with earlier estimates by Beck et al. (1990) and by the NCI (1997) of the total amounts of 137 Cs and 131 I, respectively, estimated to have been deposited within the continental U.S. Beck et al. (1990) , based upon gummed film data and isopleths for the entire country, had estimated that 21% of the 137 Cs from the tests through Hardtack II had been deposited within the continental U.S.; they further speculated that the total deposition, including that on the NTS itself, would have been 25 to 30% of the total release of 137 Cs. In the course of its study of thyroid doses delivered to the residents of the U.S. from nuclear tests at the NTS, the NCI (1997) estimated the deposition of 131 I in each county of the U.S.; their summary value was that about 25% of the 131 I released was deposited within the U.S. Thus, the three studies are consistent with each other, but the information in all three studies is strongly dependent upon the data of the gummed film network.
The isopleths of 137 Cs deposition in Fig. 3 are also consistent with those drawn by Beck et al. (1990) for the entire country. As expected, due to the additional information available for the NTS itself and the Phase I region, the isopleths in Fig. 3 provide more detailed information for the areas closer to the NTS. It is well known that the primary vector that brings fallout to the earth is precipitation. The tests at the NTS were always conducted with the intent of avoiding rainfall in the nearby area; a consequence was that fallout clouds could travel a considerable distance before encountering precipitation. Thus, although the outer contour in Fig. 3 is closed, it is quite likely that there were areas outside of this contour that received deposition levels that exceeded 370 Bq m -2 . This would be consistent with the deposition maps for 131 I contained in NCI (1997).
About 60% of the total release of 137 Cs from the NTS was associated with tests with a yield of ≥20 kt. This energy is sufficient to inject the debris to high altitudes from which it would be deposited rather slowly. Thus injection at high altitudes would have provided enough time for many clouds to exit the U.S. before they encountered major precipitation. Thus, much of the fallout that is missing from the U.S. was probably deposited in the Atlantic Ocean, Europe, and Canada. Fig. 1 . A map of the United States indicating the domain of the study, which includes the NTS and the Phase I and Phase II areas. Other cities indicated were briefly examined during the course of the study, but were not included in the domain. Historical data on gummed film deposition for the Phase III cities was used in deriving data for the Phase II area. 
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